I. INTRODUCTION
Resonant Raman scattering from single-walled carbon nanotubes (SWCNTs) provides a means for assessing quantum hybridization. In resonant Raman scattering, using incident light resonance conditions as an example, real-state electrons are generated by photon absorption. These photo-excited electrons are scattered into a virtual state via the emission/absorption of a phonon, followed by radiative relaxation to the ground state. Thus, Raman scattering is a hybrid quantum system based on phonons. In this respect, a mechanical resonator that couples with light through polarization has already been miniaturized on the quantum scale. 1 Double resonant Raman scattering is a more complex process, in which two phonons having spatial inversion symmetry are emitted/absorbed. 2, 3 The elastic scattering of electrons at defects allows the probing of finite-momentum phonons by photons through the double resonant Raman scattering. In the case of semiconducting SWCNTs, the momentum of phonons is restricted because the momentum separation between the minima of two real-state electron bands necessarily corresponds to a near K-momentum vector in the graphene Brillouin zone. The fact that K-momentum phonons in SWCNTs are optically probed via the double resonant Raman scattering is intriguing. Photons having a negligible momentum with respect to lattice momentum are not, generally speaking, believed to be coherent with K-momentum phonons.
The D-mode associated with the double resonant process is a well-known feature of all sp 2 carbon materials. Despite its importance, the origin of the D-mode is not yet fully understood. Although there has been much discussion regarding the assignment of the phonon branch for the D-mode in graphene, [2] [3] [4] [5] [6] [7] [8] there is still no consensus. 9, 10 Furthermore, while graphene and SWCNTs are similar in some respects, they differ with regarding to electron-phonon coupling. As an example, the Kohn anomaly is not expected to be exhibited by semiconducting SWCNTs, 4, 5, 11, 12 while curvature effects may play a significant role in these tubular structures. One reason for the difficulty in establishing the branch assignment is that this requires distinguishing between concentrated energy In the present work, the intensities of four Raman peaks (the radial breathing mode (RBM), intermediate frequency mode (IFM), D-mode and G-mode) were determined using individuallysuspended and chirality-assigned SWCNTs. The results show that the effects of chirality on the RBM and IFM are similar because both belong to the same phonon branch. The G-mode and D-mode phonon eigenvectors were also found to be similar, and so the LO phonon branch was identified as the origin of the D-mode. This paper begin with a detailed analysis of the IFM, the origin of which was recently determined. In addition to three major Raman peaks, the RBM, D-mode and G-mode, peaks found in the range of approximately 300-1000 cm -1 are often referred to as the IFMs. One of these, in the range of 400-500 cm -1 , is ascribed to the double resonant process, meaning that the IFM has a value the K-momentum. 13, 14 The origin of this IFM is the out-of-plane acoustic phonon branch of graphene that transforms to an "acoustic-like" optical branch in the tubular structure of SWCNTs.
II. CHIRALITY-DEPENDENT RAMAN SPECTRA
The samples and optical setup employed in this work, were prepared according to the same procedure employed in a prior study.
14 Briefly, individually-suspended SWCNTs were grown on two micro-pillars via alcohol-catalytic chemical vapor deposition. 15 After assigning the chirality of each sample using photoluminescence spectroscopy, 16 resonant Raman spectra were acquired in air. Because the optical apparatus was optimized for 785 nm excitations, 17 we chose to assess six chiralities; (12,1), (11, 3) , (10, 5) , (9,7), (9, 8) and (12, 5) . The E 22 excitations of those SWCNTs were achieved using the wavelength of 785 nm. Although the incident light was polarized along the axis of each nanotubes due to the polarization of the light source, no additional polarizer was used in this study.
The use of a single excitation wavelength (785 nm) for all SWCNTs is not completely optimal for a Raman intensity analysis because the Raman excitation profile changes depending on the Raman peak. 18 However, our estimates showed that the effects of variation in the Raman excitation profile would not significantly affect the results with the consideration of incident light resonance conditions. As an example, a prior theoretical study determined that the electron-phonon matrix element for the RBM is not sensitive to excitation energy. 19 Although the experimental Raman excitation profiles for the RBM and G-mode exhibit slightly different effects of excitation energy, 18 the difference in the peak positions is less than 10 meV. This value is small compared to the full width at half maximum of the excitation profile itself, which is close to 100 meV. As a result, the Raman excitation profiles for the RBM and G-mode are almost overlapped.
Typical Raman spectra obtained from some specimens are shown in Fig. 1 . In these spectra, the intensities have been normalized relative to the intensity of the G-mode for each sample. Owing to the introduction of defects due to the use of an intense excitation laser, 14, 20 Raman peaks originating from K-momentum phonons (that is, the IFM and D-mode peaks) were enhanced. This figure also demonstrates clear variations in the IFM and RBM intensities. In particular, the effect of chirality on the IFM intensity appears to be similar to that for the RBM, in that both intensities decrease on going from top to bottom. Note that the IFM in this case originates from the out-of-plane acoustic branch of the graphene. 13, 14 Therefore, the peak associated with IFM for the (12,5) nanotube in Fig. 1 is very weak and its situated slightly below 500 cm -1 , as opposed to being relatively intense and located around 550-600 cm -1 (see the inset to the figure). The Raman spectra of (9,7), (9, 8) and (12, 5) nanotubes contain peaks at higher wavenumbers, which are ascribed to another IFM. [21] [22] [23] However, this IFM may originate from different phonon branch than the IFM with which the current work is concerned. The selection of the weak, low-frequency signal in the inset to the experimental peak positions obtained from our samples. In this work, the phononic dispersion of the graphene was generated using the conventional force constant model and the phonon momentum was selected so as to match the separation of the E 22 sub-band minima. 24 This separation value, in turn, was obtained from a single electron tight-binding calculation for graphene and the cutting line method. 25 Therefore, curvature effects were not taken into account in our simulation. Even so, the calculation results reproduced the trend of the experimental data. The IFM frequencies were found to lie below 520 cm -1 and these frequencies increased along with the nanotube diameter. The force constant parameters employed in these simulations were based on a prior study in which these parameters were optimized so that the dispersion along the ΓM line of the graphene Brillouin zone reproduced experimental data. 26, 27 For this reason, deviation in the case of K-momentum phonons is not surprising. In addition, lower frequency values due to curvature effects, as in the G --mode, 28, 29 would be easily expected because the IFM is a radial oscillation. The deviation between experimental and simulated results would be compensated by taking into accounts those effects. Overall, the results in Fig. 2 confirm that the selecting weak low-frequency peak in the inset to Fig. 1 as the IFM peak for the (12, 5) nanotube is reasonable. Although we do not discuss higher IFM in detail, the fact that the intensity of the higher IFM increases from bottom to top in Fig. 1 is quite intriguing.
The Raman spectra generated by sp 2 carbon materials are often assessed by considering relative intensities of the G-mode. As an examples, the ratio I D /I G is typically used to determine the defect concentration in such materials, 9 while the ratio I RBM /I G is used when evaluating the chiral angle dependence of the RBM intensity. 18 However, it is not trivial to apply these practices to an analysis of the IFM intensity because I IFM /I G will vary with both the amount of defects and chirality. The effect of defects on the intensities of each Raman peak was determined in our prior study, 14 which demonstrates that the intensities of the IFM and D-mode peak increased when defects were introduced into SWCNTs. In contrast, the intensity of the RBM and G-mode peak decreased, possibly due to a reduction in optical absorption. Notably, the IFM and D-mode peak intensities showed almost the same behavior upon the introduction of defects. These results demonstrate that the ratio I IFM /I D should be considered when assessing the effect of chirality on the IFM intensity, rather than I IFM /I G . The black plots in Fig. 3 , in which the error bars represent standard deviations, summarize the I IFM /I D values for each chirality.
To allow a comparison with the RBM intensities, I RBM /I G data are also included and the chiral angle is employed as the abscissa. The I IFM /I D ratio clearly depends on chirality and exhibit the same general trend as I RBM /I G . In addition, the effect of chirality on I RBM /I G is in good agreement with the result of previous theoretical and experimental studies. 18, [30] [31] [32] The dotted lines in Fig. 3 show the electronphonon matrix element for the RBM, as determined in an earlier theoretical study. 32 Note that, although majority of the Raman peaks have a well-defined Lorentzian shape (as in Fig. 1) , some of our specimens in this figure exhibit a weak Raman intensity close to the noise level. This is particularly the case for the IFM peaks of the (12, 5) and (9, 8) nanotubes. Lower IFM intensities are empirically expected for these specimens as shown in Fig. 3 , and these weak signals prohibit fitting of these peaks, primarily due to overestimation of the line width. There are similar challenges associated with the asymmetric D-mode line shape. 33 Consequently, we simply measured peak heights to determine the IFM and D-mode intensities.
III. INTENSITY ANALYSIS
Herein, we introduce the relationship
Although the (12,5) nanotubes produced a relatively small I IFM /I D value compared to the I RBM /I G values, Eq. (1) can be applied, as a first approximation, to each chirality assessed in this study. Here, we provide the theoretical basis of Eq. (1). The intensity of a resonant Raman process can be calculated from Fermi's golden rule within the framework of perturbation theory. 9 In particular, the double resonant Raman intensity can be written as
where M represent a transition matrix element and indices i, a, b and c represent initial, first excited, first scattered and second ARTICLE scitation.org/journal/adv scattered states, respectively. The broadening factor γ is determined from the uncertainty principle in conjunction with time and energy. The excitation energy and energy separation for the i th van Hove singularity are represented by Eex and E ii , respectively. In this work, we assume that the transition occurs as illustrated in Fig. 4 , such that the first scattering corresponds to elastic scattering at defects and the transition from the i state to the b state is identical for the IFM and D-mode. The Raman intensity ratio in the left hand term of Eq. (1) is then
Here, M IFM and M D represent, respectively, electron-phonon matrix elements due to IFM and D-mode phonons. These matrix elements correspond to the scattering from b to c states in Fig. 4 . The coefficient K IFM,D is the constant determined from the denominator in Eq. (2). Assuming resonant conditions, such that Eex = E 22 , and the same γ value of 50 meV obtained in a prior study, 18 K IFM,D is approximately 5.3. Note that the two M op(i, c) values for the IFM and D-mode cancel one another out because the imaginary states c IFM and c D are both represented by a linear combination of nearby real states in perturbation theory. Furthermore, since the chiralitydependent energy variation for each Raman peak is small compared to the actual energy value ( ̵ hω), K IFM,D is independent of chirality. Electron-phonon matrix elements are thus the dominant factor determining the Raman intensity, as has also been suggested in prior reports. 31, 34 Consequently, the Raman intensity ratio in Eq. (1) can be understood as the ratio of electron-phonon matrix elements. A similar formalism can be applied to the right hand term of Eq. (1).
One goal of this work was to determine the Raman peak pairs to which Eq. (1) can be applied. Equation (1) appears suitable with regard to the four Raman peaks generated from the six chiralities assessed in this study. Thus, in order to answer this question, we focused on the details of each matrix element. Among these four matrix elements, the matrix element for the RBM, M RBM , is an appropriate starting point because it has been intensively studied as a means of assessing the chirality distribution of specific ensemble samples. 18, 19, 31 Therefore, we initially considered the chirality dependence of M RBM .
FIG. 4.
Schematic diagram of the double resonant Raman scattering process examined in this study.
The RBM originates from the out-of-plane transverse acoustic mode of graphene. This mode does not generate an electronphonon interaction in graphene, but does do so in SWCNTs, such that the RBM can be observed in SWCNTs. 31 The difference between the graphene and SWCNTs out-of-plane modes arises from variations in the atomic deformation potential vectors for these structures. Each matrix element represents the inner product of an atomic deformation potential vector with a phonon eigenvector. The atomic deformation vector for graphene has no out-of-plane component, and so there is no electron-phonon interaction via the out-of-plane mode. However, in the case that graphene is rolled up to form a tube, the atomic deformation potential vector has an out-of-plane component due to the hybridization of molecular orbitals (i.e., curvature effects), and M RBM has a non-zero value. It is possible that the IFM, which is also associated with the out-of-plane acoustic-like phonon mode, was observed for the same reason. In this respect, curvature effects are already taken into account when the Raman intensity of the IFM are considered. It has been reported that the electron relaxation time for the oTA zone-boundary mode has a value similar to that for the RBM. 30 For this reason, the IFM is not initially negligible when analyzing the Raman spectra of SWCNTs.
Theoretical studies based on tight-binding calculation have shown that the RBM has a chirality dependent electron-phonon matrix element. 30, 31, 35 In the case of semiconducting SWCNTs, the RBM intensity decreases with increasing chiral angle and SWCNTs belonging to the mod(2n+m, 3) = 1 family show larger RBM intensities than other types. An intuitive interpretation of the effects of the chiral angle and family type can be obtained by evaluating the normalized electron matrix element, from k' to k, associated with scattering by phonons in the υ th branch as
where Ψ k (r) and δV represent the electron wave function and the potential energy variation due to lattice oscillations, respectively. 31, 35 Here, the matrix element D υ (k, k ′ ), which is multiplied by the phonon amplitude Aυ(q), is given by
where s, s ′ and σ are two atoms and one atomic potential, while the R i (i = s, s ′ , σ) terms are the corresponding two electrons and single atomic potential centers. The coefficient Cs(k) and the phase factors are obtained from electron wave functions. The inner product of the atomic deformation potential vector mσ and the phonon eigenvector e υ σ is important with regard to generating a non-zero M RBM for SWCNTs as discussed above. The complete analytical results obtained from Eq. (4) have been published in previous papers. 31, 35 Employing a summation over σ assuming single resonance Raman scattering (k ′ = k), the inner product part of Eq. (4) can be written as 
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Here, the phonon eigenvectors for the B atoms are replaced by those for the A atoms through multiplying by the rotation matrix U AB relative to the nanotube axis, and by +1 for the RBM or -1 for the G-mode. Although our prior paper did not explain the reason for this "±1" branching, this is necessary because both A and B atoms oscillate in-phase for the acoustic-like RBM and out-of-phase for the optical G-mode. That is, in the case of an optical phonon mode, the direction of the atomic deformation potential vector for the B atom will be opposite that for the A atom, and vice versa. On this basis, Eq. (4) provides information regarding the chiral angle through an electron wave function and U AB . Furthermore, the effect of the family type can be understood by considering the electron wave function. Note that a phonon eigenvector will, of course, also contribute to the matrix elements. In the case of SWCNTs suspended along the z direction, an LO phonon eigenvector has only a z component, while the eigenvector for a TO phonon has a component perpendicular to the z axis. This paper has presented a brief overview of the manner in which chirality, electric state, and phonon branching affect the electron-phonon matrix elements for SWCNTs. Information regarding scattered electrons (e.g., the coefficient Cs(k) and phase factors) is multiplied by the inner product of the atomic deformation potential vector and the phonon eigenvector. Therefore, if we can neglect the summation in Eq. (4) for some reason, the ratio of the two matrix elements for electrons generated from the same state can simply be determined by the inner products of the atomic deformation potential vector and the phonon eigenvector. In this case, Eq. (1) holds true for any chirality. Excitonic effects, which dominate optical properties of SWCNTs, are not taken into account in this paper. However, prior theoretical study showed that the effects are not significant for the discussion of Raman intensities. 19 Finally, we discuss the D-mode characteristics based on Eq. (1). It is now clear that the RBM and IFM belong to an out-ofplane acoustic-like branch. In contrast, the G + -mode for semiconducting SWCNTs belongs to a longitudinal optical branch. 28 Equation (1) is valid when the same phonon branches are chosen for each numerator and denominator, and when each term has the identical electronic origin. Based on this, the LO phonon branch can be considered to be the origin of the D-mode. It should be noted that the protocol for the branch assignments in this work is completely different from that employed in previous studies, [2] [3] [4] [5] [6] [7] [8] in which phonon frequencies were analyzed to determine the origin of the D-mode. In the case of frequency-based analysis, the branch assignment for the D-mode is ambiguous because more than two phonon branches exist around the D-mode frequency. Curvature effects, as well as phonon softening due to electron-phonon coupling, also make the branch assignment difficult. Conversely, the intensity based analysis resented herein appears to mitigate these problems.
IV. CONCLUSION
We analyzed four Raman peaks generated from individuallysuspended SWCNTs. On the basis of the results, we proposed a relationship represented by Eq. (1). This relationship can be explained by analyzing the electron-phonon matrix elements for the phonons that generate each Raman peaks. In particular, Eq. (1) was found to be valid if appropriate pairs are selected for each component.
Based on our findings, we assigned the LO phonon branch to the Dmode of semiconducting SWCNTs. However, additional theoretical analysis is needed to confirm this assignment, or provide an alternative reason why these four Raman peaks are correlated with one another.
